Abstract Due to the expected increases of number and intensity of summer droughts in Central Europe the identiWcation of drought tolerant ecotypes becomes more important in future forestry. A common garden experiment with seedlings of Fagus sylvatica provenances from the center (Germany) and eastern margin (Poland) of the species' distribution range was conducted. Responses of morphological, physiological, chemical and growth parameters to three drought treatments were analyzed. Relative growth rates of the marginal provenance were lower as compared to the central provenance. The marginal seedlings showed a tendency to higher total biomasses because of higher seed masses. In both provenances drought decreased biomass production and root/shoot ratio which was lower in the central provenance. A lower speciWc root area of the marginal provenance indicated a better adaptation to low xylem water potentials. Under moderate drought, lower leaf 13 C signatures may indicate lower stomatal limitation (or a reduced rate of CO 2 assimilation) in the marginal provenance. We conclude that marginal beech provenances may exhibit a better drought adaptation.
Introduction
Climate warming is predicted to increase winter precipitation, but to decrease summer rainfall in parts of Central Europe (IPCC 2007; Schär et al. 2004 ). This may aVect forestry in particular because of the long lifespan of trees. European beech (Fagus sylvatica L.) is a highly competitive species in Central Europe with a wide tolerance of contrasting soil chemical conditions (Ellenberg 1996; Leuschner 1998 ). However, beech is known to be sensitive to drought which is also reXected in its distribution area in a mostly sub-oceanic climate (Bohn 2004 ). Due to its great economic importance in European forestry, much research has recently focused on the drought response of juvenile and adult beech plants and the mechanisms of drought tolerance of this species (e.g., Grossoni et al. 1998; Peuke and Rennenberg 2004; Löf et al. 2005; Meier and Leuschner 2008a, b) . In comparison to other Central European broadleaved tree species, a sensitivity of beech upon drought was found particularly with respect to embolism in its conducting system (Cochard et al. 2005) , stem increment reduction in dry summers, pre-senescent leaf shedding in drought periods (Granier et al. 2007) , and a reduced Wne root biomass in dry soil (Meier and Leuschner 2008c) . In addition, beech seedlings were also found to be sensitive to dry air (Lendzion and Leuschner 2008) . This has stimulated a vital debate on the future of Central European beech forests and the proper choice of tree species for forestry under the prospect of a drier and warmer climate (e.g., Rennenberg et al. 2004; Ammer et al. 2005) .
Species that occupy large geographic ranges respond to contrasting environmental conditions by genotypic variation and phenotypic plasticity (Abrams et al. 1992; Peuke and Rennenberg 2004; Kriebitzsch et al. 2005) . Several case studies have investigated the drought sensitivity of beech provenances along a gradient of decreasing precipitation from northern to southern Central Europe and to the Mediterranean region (García-Plazaola and Becerril 2000; Nielsen and Jørgensen 2003; Peuke et al. 2006) , but fewer studies have been conducted on drought sensitivity of beech at the eastern margin of its distribution area. Czajkowski and conducted a drought experiment with beech seedlings from eastern provenances, but focused on aboveground drought responses only and gave no attention to root responses to drought which may be crucial in drought tolerance of beech (Meier and Leuschner 2008c) .
Since the frequency of extreme drought and frost events is increasing in Central Europe with the growing continentality of the climate from west to east (Ellenberg 1996) , eastern provenances might therefore be important sources for drought and frost resistant ecotypes (Wilmanns 1990; .
We conducted a growth experiment with beech seedlings from a provenance in the distribution center (Central Germany) and a provenance from South-eastern Poland close to the eastern range margin and observed the response of about 20 physiological, morphological and growth-related parameters in moderately or severely drought-stressed plants relative to the well-watered control. Based on earlier beech provenance trials conducted by Nielsen and Jørgen-sen (2003) , Peuke et al. (2006) and Meier and Leuschner (2008a) , we tested the following hypotheses: (1) beech provenances from the eastern range margin with a more continental climate are less sensitive to soil drought, and (2) the root system of beech seedlings is particularly sensitive to drought and thus represents a bottleneck in the strategy of young beech plants to cope with drought.
Methods

Plant material
Fagus sylvatica seeds from Central Germany (Neuhaus, Solling) and South-east Poland (Lutowiska, Podkarpackie) were chosen for study in order to compare autochthonous provenances from the center and the eastern margin of the species' distribution range (Fig. 1) . Because we intended to simulate the natural situation in the stands, we decided not to pre-select the seeds of the two provenances for equal seed weight or seed quality but conducted a random selection of seeds in the two locations. The seeds originated from several tree individuals of each one stand per region (forestry district Neuhaus, No. 81009; forestry district Lutowiska). We focused on a single stand per region because the genetic diversity of F. sylvatica is typically higher within a given stand than the diversity between diVerent stands. For example, in a sample covering six beech forests in Central Germany (Hesse), Sander et al. (2000) found 99% of the diversity within the stands and only 1% of the diversity between the stands. Climatic data of the two regions are given in Table 1 .
Cultivation
For germination, the seeds were placed in regularly watered pots Wlled with loamy sand (Einheitserde B) in a climate chamber at 15/20°C (night/day), after weighing ten seeds per provenance for subsequent determination of the relative growth rate (RGR) (see below). On April 19, 2006, the seedlings were planted in the center of circular plastic containers (2 l) Wlled with a mixture of one part loamy sand, one part Perlite (Perligran G, Deutsche Perlite GmbH, Dortmund, Germany) and one part humus material (v:v:v) . A commercial NPK-fertilizer (Triabon, COMPO GmbH & Co. KG, Münster, Germany; /N-P-K) was added.
The experiment took place in the Experimental Botanical Garden of the University of Göttingen between May 10, 2006, and September 21, 2006 , under a mobile plexiglass roof equipped with a rain sensor, which automatically covered the plants when it rained. The roof was removed automatically a few minutes after the rain stopped. Thus, the beeches grew under local temperature and light conditions, but with complete control of soil water supply. To minimize potential inXuences of environmental gradients at the experimental site, the provenances and treatments were randomly positioned in alternating order and the positions were changed randomly four times during the experiment. The pots were well-watered until the drought treatment (DT) was initiated after 14 weeks (July 25, 2006) . In total, 36 plants per provenance were cultivated with each 12 plants treated with a diVerent moisture regime, i.e., a control (40%), a moderate stress (20%), and a severe stress (10% soil water content) treatment. These soil moisture levels are roughly equivalent 5, 10 and 20 vol%. The limited volume of the pots made it necessary to add water every 2 days after water loss had been determined by weighing the pots.
Harvesting
At the end of the experiment (September 21, 2006) , all leaves were removed from the stem, and the remaining shoot was cut oV at the root collar after measuring shoot length and diameter of the stem and counting the number of leaves. All leaves were scanned with a Xatbed graphics scanner, and the images were analyzed with the software WinFolia (WinFolia 2005b, Régent Instruments Inc., Qué-bec, QC, Canada) to determine leaf area and calculate speciWc leaf area (SLA, in cm 2 g ¡1 DM). The roots of the trees were harvested by carefully sifting the root-containing soil material of each pot through a sieve and washing the roots to clean them of soil residues. They were sorted by diameter (Wne roots < 2 mm, coarse roots > 2 mm). The roots were spread out in water, scanned and the digitized images processed using the software WinRhizo (WinRhizo 2005c, Régent Instruments Inc., Québec, QC, Canada) which calculates the surface area of each root.
All plant organs were dried (70°C, approximately 80 h) and weighed. SpeciWc root area (SRA, in cm 2 g ¡1 DM), total Wne root surface area, root dry weight and Wne root/ leaf area ratio were calculated from these data for each tree. The RGR (in g g ¡1 day
¡1
) was calculated for the whole seedling by subtracting seed biomass from total harvested biomass and relating the diVerence to the duration of the experiment.
One day before the harvest, predawn water potential ( pre ) of the leaves was measured at 4:00 a.m. using a Scholander pressure chamber (Scholander et al. 1965) . The relative water content of the leaves ( l ) harvested around noon was determined by drying (fresh weight ¡ dry weight/fresh weight).
Chemical analyses
The dried plant material of each organ of a plant was pooled and ground. The leaf 13 C signature and N concentration were determined by mass spectroscopy (Delta Plus, Finnigan MAT, Bremen, Germany) in the Stable Isotope Laboratory (KOSI) of the University of Göttingen. For analyzing plant cation concentration, 100 mg of plant powder were digested with 3 ml HNO 3 at 185°C for 5 h and the concentrations of Ca and K measured by atomic absorption spectrometry (AAS Vario 6, Analytic Jena, Jena, Germany).
Statistical analyses
All statistical analyses were performed with SAS Version 8.02 (SAS Institute Inc., Cary, NC, USA) and JMP (JMPIN Version 4.0.4, SAS Institute 2001). SigniWcance was determined at P < 0.05 throughout. Before statistical analyses, all data were tested for normal distribution (Shapiro-Wilk test) and homogeneity of variances (Bartlett test). To achieve normal distribution and homogeneity of variances, the data of Wne root biomass and leaf calcium concentration were logarithmically transformed. Two-way analyses of variance with the sources treatment, provenance and their interaction were performed by the ANOVA procedure for balanced data of the variables maximum shoot length, number of leaves per plant, seed weight, total biomass, leaf biomass, root/shoot ratio, RGR and leaf N concentration. In the case of unbalanced data (Wne root biomass, SLA, leaf calcium concentration, leaf potassium concentration), general linear models were calculated. DiVerences between two treatments were analyzed with a ScheVé test, except for root/shoot ratio and RGR which were analyzed with a post hoc Tukey test.
For non-normally distributed data, the inXuences of provenance and treatment were investigated with a Kruskal-Wallis test (leaf water content, predawn leaf water potential, root collar diameter, shoot biomass, SRA, FR/LA ratio, 13 C, leaf magnesium concentration). DiVerences between two treatments were analyzed with a U-test after Mann and Whitney. A summary of the results of the diVerent tests comparing the plant morphological, physiological and chemical variables between diVerent DTs and diVerent provenances is given in Table 2 .
Results
Plant water status
Neither predawn leaf water potential pre nor leaf water content l measured at noon were inXuenced by the provenance in the three treatments (Table 3) .
Leaf
13 C was not signiWcantly diVerent between the central and marginal provenances under ample soil moisture supply (control treatment), but was signiWcantly higher (less negative) in the central beech population under moderate drought stress (Fig. 2) . As expected pre and l decreased with increasing drought but the response was not diVerent between the provenances. A large and signiWcant increase in 13 C occurred in both provenances between the control and the moderate stress treatment, but no further increase was visible toward the severely stressed plants.
Parameters of morphology and growth
The marginal provenance exhibited signiWcantly higher seed weights than the central provenance (0.25 vs. 0.16 g, ttest < 0.001, F = 19.05). The RGR was signiWcantly inXuenced by both provenance and treatment. Seedlings of the central provenance had a higher RGR in all treatments (diVerence signiWcant only for the control and severe stress treatment, Fig. 3 ). The decrease in RGR with increasing drought was roughly similar in the two provenances. Total Table 2 Summary of results of three diVerent statistical tests comparing various plant morphological, physiological and chemical variables between diVerent drought treatments (DT) and diVerent provenances (Pro) Pro £ DT inXuence of the interaction between provenance and drought treatment, K-W Kruskal-Wallis, df degrees of freedom *P · 0.05, **P · 0.01, ***P · 0.001, m P · 0.1, n.s. P > 0. biomass produced at the day of harvest, however, was not diVerent between the two provenances despite a higher RGR of the central provenance. This holds true under ample water supply and in the DTs and was a consequence of the considerably higher seed weight of the marginal provenance. The number of leaves produced per plant and the shoot length at harvest were aVected neither by the DT nor by provenance. However, drought reduced the root collar diameter signiWcantly (Table 3) . Total Wne root biomass per plant was signiWcantly lowered by drought. However, the marginal provenance showed only a small and non-signiWcant diVerence in Wne root biomass between the control and the severe stress treatment, whereas the central provenance exhibited a signiWcant decrease (Fig. 4a) . The root/shoot ratio was lower in the stressed than in the control plants, and lower in the central as compared to the marginal provenance (Fig. 4b) .
Root/shoot ratio decreased with increasing drought stress in both provenances, but to a greater extent in that from the distribution center than in the marginal one. SRA of the central provenance signiWcantly declined with increasing drought in contrast to nearly constant values in the marginal provenance (Fig. 5a) . In other words, the proportion of Wnest roots decreased upon drought in the central but not in the marginal provenance. SLA was neither aVected by drought nor provenance (Table 3) .
The ratio of Wne root to leaf area (FR/LA) was found to be signiWcantly lower in stressed than in control plants. While the central provenance showed a signiWcant decrease of FR/LA with increasing drought, the response of the marginal provenance was less pronounced (Fig. 5b) . Thus, FR/ LA of both provenances showed similar values in the severely stressed treatment, although FR/LA of the wellwatered central seedlings was signiWcantly lower than that of the marginal ones.
Leaf nutrient concentrations
The N concentration of the leaves was neither aVected by soil moisture treatment nor provenance as was the leaf concentration of calcium (Table 3 ). The potassium concentrations of the leaves, however, were found to be inXuenced by both drought and provenance. The central provenance showed signiWcantly lower means than the marginal one, which contained highest amounts of K in the moderate stress treatment (Fig. 6 ).
Discussion
The main diVerences between the two provenances to be compared in this study were detected with regard to seed weight, RGR of the seedlings and carbon allocation patterns. Although seeds of the central provenance showed considerably lower weights than those of the marginal one, which may reduce the Wtness of the embryo, this initial disadvantage was compensated by higher subsequent growth rates of the seedlings from the range center. These diVerences may indicate diVerent adaptations to the climate in Central Germany and South-East Poland. An experimental test of this hypothesis would require to grow plants of the two provenances under the same environmental conditions and to use the seeds of these plants for drought experiments. This would assure that diVerent seed weights are inherited and do not reXect phenotypic plasticity. The results of Thomsen and Kjaer (2002) with diVerent beech genotypes indicate that seed weight seems to be at least partly under genetic control in this species.
A reduction of biomass is a frequently observed response to drought in beech seedlings (Madsen and Larsen 1997; Fotelli et al. 2001) . However plants can prevent productivity losses to some extent by completing growth before the onset of drought stress (Schraml and Rennenberg 2002) . Thus, how severely drought will aVect the biomass production of juvenile beeches seems to depend on the timing of drought relative to the growth period. Nevertheless, Tognetti et al. (1995) found beech seedlings from drier regions always to produce less biomass than equally treated seedlings from regions with ample water supply, irrespective of the DT. García-Plazaola and Becerril (2000) showed similar results for the leaf biomass of beech seedlings. The overall lower RGRs of the marginal provenance in our study could therefore be interpreted as an adaptation to drier habitats.
In contrast to seedlings, mature trees can use water resources deeper in the soil because of their fully developed root system (Bolte and RoloV 1993) . The allocation of carbon and nutrients between root and shoot may be crucial for the success of tree seedlings at sites with temporal water shortage. A higher seed mass may support the early development of a deep-reaching primary root which may protect the seedling from damage by summer droughts (Baker 1972; Leishman and Westoby 1994) . A more frequent occurrence of dry spells in summer in the more continental climate of South-East Poland could have fostered a selection process toward beech plants with higher seed masses to increase the survivorship of the seedlings. That the strategy of providing larger acorns in a drier climate is successful is indicated by the fact of marginal seedlings having produced similar amounts of biomass after 22 weeks as compared to central ones despite lower RGRs.
A second important adaptive trait seems to be the root/ shoot ratio which was higher in the marginal provenance than in the central one. Similarly, Tognetti et al. (1995) found higher root/shoot ratios in beech seedlings originating from drier regions. Adaptive change in the root/shoot ratio is an expression of the numerous trade-oVs that exist between stress tolerance and growth processes. It may be an important adaptation securing access to soil water resources in a drier climate, since beech seedlings seem to be particularly sensitive to drought eVects on the Wne root system: various studies exposing beech seedlings to drought found a greater reduction of root than of shoot biomass, resulting in a decrease, and not an increase of root/shoot ratio upon drought (Davidson et al. 1992; Fotelli et al. 2001; Löf et al. 2005; Meier and Leuschner 2008a) . In our experiment as well, shoot biomass was less aVected by drought than root biomass. A similarly sensitive response of the Wne root system was also reported for adult beech trees in a rainfall gradient studied by Meier and Leuschner (2008c) . Thus, beech provenances with an inherently higher root/shoot ratio should have advantages in a drier environment, given the low belowground drought tolerance of beech. Moreover, there is evidence that beech provenances from drier environments have a less drought-sensitive root system than provenances from more humid climates. Hamp et al. (1999) found that the root/shoot ratio of beech seedlings was reduced to a greater extent in plants from moister habitats than in plants of a drier origin. Similarly, the relatively small reduction of the root/shoot and Wne root/leaf area (FR/LA) ratio in the marginal provenance as compared to the central provenance in our study may be interpreted as a better adaptation to drought of the Polish plants. This is supported by a reduction in Wne root biomass in the DTs that was signiWcant only in the central, but not in the marginal provenance indicating a higher drought tolerance of the latter. An explanation of the greater reduction in Wne root biomass upon drought of the central provenance could be the higher speciWc root surface area in these plants, indicating a greater proportion of very Wne roots (i.e., roots < 0.5 mm in diameter) in total root mass and/or a lower average root tissue density. Both traits would support a faster root growth rate and a higher water and nutrient uptake per root mass, but should result in a greater sensitivity to drought (Ryser 1996) . The signiWcant reduction of SRA of the central provenance under drought must be viewed as an acclimatization which reduces the drought exposure of the most sensitive elements of the root system. DiVerent phenologies of growth may be another explanation of the greater droughtinduced reduction of root biomass in the central provenance. Nielsen and Jørgensen (2003) found drought tolerant beech seedlings to complete growth 18 days earlier than equally treated drought-sensitive plants, thereby avoiding drought stress at least partly. We may speculate that root growth may have occurred mostly before the onset of drought in the marginal provenance as did leaf and shoot growth, whereas root growth of the central provenance occurred later under less favorable conditions. However, direct observation of root growth activity with minirhizotrons is required to test this hypothesis.
This study focused on above-and belowground growth, morphology and carbon partitioning patterns while only a few physiological variables were investigated. Remarkably, parameters of leaf water status ( pre and l ) did not diVer signiWcantly between the central and the marginal provenances, neither under ample nor reduced water supply. However, the about 0.6‰ lower 13 C signature of the leaves of the marginal provenance under moderate drought stress may indicate that stomatal limitation probably has been higher in the plants of the central provenance (e.g., Ehleringer and Cooper 1988; Fotelli et al. 2003; Virgona and Farquhar 1996) . If valid, the central provenance plants from a humid environment should have responded more sensitively to soil drought by partial stomatal closure. Unfortunately, the corresponding 18 O signatures are missing for these plants. However, a rather low sensitivity of photosynthetic eYciency and carbon gain over the summer was reported by Nahm et al. (2006) in beech plants growing at the relatively dry south-eastern range margin of the distribution area which supports our hypothesis. On the other hand, a negative eVect of stomatal closure on CO 2 assimilation is unlikely since RGR was higher, and not lower, in the seedlings of the central provenance as compared to the marginal one. According to Damesin and Lelarge (2003) , the contrasting 13 C values could also be a consequence of diVerent phenologies of growth: 13 C tends to increase with proceeding growth in beech with the consequence that slower growing plants (as in the marginal provenance) discriminate more against 13 C than faster growing ones. In a Severe stress genotype comparison of droughted Betula pendula seedlings, Aspelmeier and Leuschner (2004) also found generally lower 13 C signatures in plants from drier origins. Calcium, which is mostly transported by the xylem sap and accumulates in the leaves, was remarkably constant across the provenances and DTs. A comparison of leaf K concentrations revealed particularly high values in the moderately stressed plants of the marginal provenance. A possible explanation is that these plants conducted a more active osmoregulation in the leaf tissue than those from the central provenance. This hypothesis needs testing by pressure-volume-curve analysis of the diVerent provenances.
Conclusions
We conclude that the marginal beech provenance from a subcontinental to continental climate with a higher probability of summer drought reveals several traits characterizing this population as being better drought adapted than a central one from sub-oceanic Central Germany. Due to a considerably higher acorn mass, the seedlings of the marginal population may be more successful in surviving drought in the Wrst year. Further, marginal plants were less sensitive to a drought-induced reduction in Wne root biomass allowing them to maintain higher root/shoot and root surface area/leaf area ratios under drought than central plants. This is probably a consequence of a root morphology and/or root growth phenology better adapted to more frequent summer droughts at the range margin. The 13 C signature may point at a lower stomatal limitation of photosynthesis (or a reduced rate of CO 2 assimilation) in the marginal provenance. We suggest that a combination of morphological, physiological and phenological adaptations enable beech seedlings of the marginal provenance to maintain an equal or even higher biomass production upon drought as compared to plants of the central provenance, even though their inherent RGR seems to be lower.
However, further results about the drought response and its underlying mechanisms among diVerent beech provenances are needed to conWrm the long term drought resistance of marginal provenances. In addition, experiments are required to show whether beech seed size is a genetically Wxed trait or varies considerably with environmental conditions.
